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Abstract
Emerging Zinc-ion hybrid supercapacitors (ZHSCs) are being vigorously pursued due to their sustainability, 
economic efficiency, high safety and excellent theoretical electrochemical properties. As a significant element in 
the advancement of ZHSCs, carbonaceous materials can be utilized for fabricating the cathode and electrolyte and 
protecting the Zinc anode. Despite advancements, challenges notably persist in the form of unsatisfactory rate 
performance, scarcity of active sites, and undesirable cycling stability within carbonaceous cathodes. Here, this 
mini-review thoroughly expounds on the recent progress of carbonaceous materials with different dimensions and 
the corresponding synthesis strategies. The complexity of the structure, morphology, and relevant properties of 
sophisticated carbonaceous materials employed in contemporary devices is discussed. Besides, we elaborate on 
the strategies for modifying these materials to achieve optimal characteristics. Finally, the assessment of the 
existing challenges and prospects for carbonaceous materials within ZHSCs is explored. We anticipate that the 
insights presented herein can pave the way for developing carbonaceous materials, heading toward 
future-generation energy storage devices.
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INTRODUCTION
Considering the dwindling reserves of fossil fuels and the carbon dioxide emissions, sustainable energy, 
particularly renewable clean energy sources, is experiencing rapid development. Therefore, there is an 
immediate requirement for efficient energy storage solutions, including electrochemical energy-storage 
devices (ESDs), among others[1,2]. In recent years, various ESDs have been extensively investigated and 
implemented across various applications, including metal-air batteries[3-6], aqueous ion batteries[7-10], 
supercapacitors[11-13], and other devices[14-19]. However, challenges remain inherent in both battery and 
supercapacitor technologies. Batteries are renowned for their exceptional energy density but are plagued by 
limited cyclic stability due to irreversible redox processes. Conversely, supercapacitors are celebrated for 
their enhanced power density and extended cycle life but offer a comparatively lower energy density when 
matched against batteries[20-25]. The concept of hybrid supercapacitors (HSCs) has emerged to integrate the 
distinct benefits of batteries and supercapacitors into a unified ESD. In HSCs, electrodes characterized by 
high capacity for abundant redox reactions serve as the energy reservoir. In contrast, electrodes featuring 
swift ionic conductivity can act as the power reservoir. This integration aims to enhance both the power and 
energy density of the system, thereby bridging the advantages of traditional batteries and 
supercapacitors[26-29]. Notably, it is posited that a meticulously engineered configuration of HSCs could 
remedy the limitation of both the batteries and supercapacitors. By enhancing the characteristics of each, 
HSCs exhibit a balanced solution suitable for various industrial applications[30-35]. Initially, hybrid capacitors 
with univalent metal ions such as Li+, Na+ and K+ were studied, but these were constrained by resource 
scarcity and safety concerns. Subsequently, it has been discovered that polyvalent metal ions, such as Zn2+ 
and Mg2+, offer more stable thermodynamics and faster charge transfer kinetics compared to univalent 
metal ions. This advantage arises because they have the capacity to store multiple electrons although the 
dynamic diameters of multivalent ions are similar to those of univalent ions[30,36]. Among polyvalent metal 
ions, zinc stands out due to its plentiful resources, high theoretical capacity (823 mAh g-1), low redox 
potential [-0.76 V vs. standard hydrogen electrode (SHE)], compatibility with aqueous solutions, high safety, 
and eco-friendliness[28]. Here, we briefly compare the physical and chemical properties of different metals 
(Li, Na, K, Mg, Zn) for a more intuitive grasp of Zinc-ion HSCs (ZHSCs) [Table 1].

In this context, ZHSCs emerge as promising ESDs for fulfilling industrial requirements that address 
industry needs, striking a balance between the energy-rich Zn-ion batteries and the power-intensive 
supercapacitors[23,37,38]. These devices demonstrate remarkable performance and possess favorable traits, such 
as cost efficiency and safe enhancement. While various configurations are available, ZHSCs mostly consist 
of a zinc anode, an applicable cathode, and electrolytes containing Zn2+ ions[39,40]. Considering the diversity 
of energy storage mechanisms, the pattern of electrode materials in ZHSCs can be categorized into 
capacitor-type and battery-type. For capacitor-type electrodes, the ions are adsorbed/desorbed on the 
electrode surface to achieve efficient energy storage. The ZHSCs capitalize on the rapid adsorption/
desorption mechanism facilitated by cathode materials and the reversible deposition/stripping mechanism 
on the Zn anode surface to store energy (Figure 1, Equation 1). Certain studies suggest that during the 
charging phase, anions from the electrolyte will attach to the surface of the positive electrode and are 
subsequently released back into the electrolyte upon discharging (Equation 2)[41,42]. Conversely, other 
research identifies completely opposite adsorption/desorption behaviors of Zn2+ ions (Equation 3)[43,44]. In 
addition, the cathodes can facilitate rapid redox processes if they contain oxygen functional groups or are 
doped with heteroatoms, and can enhance the capacitance of ZHSCs by contributing extra 
pseudocapacitance (Equation 4).

Zn ⇌ Zn2+ + 2e-                                                                                                                                  (1)
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Table 1. Distinguishing physical and chemical characteristics exhibited by Li+, Na+, K+, Mg2+, and Zn2+ ions within hybrid-ion 

capacitors

Li+ Na+ K+ Mg2+ Zn2+

Relative atomic mass 6.94 6.94 9.10 24.31 65.38

E0 (A/An+
aq) V vs. SHE -3.04 -2.71 -2.93 -2.37 -0.76

Shannon's ionic radii [Å] 0.76 1.02 1.38 0.72 0.74

Stokes radii in H2O [Å] 2.38 1.84 1.25 3.47 3.49

Gravimetric capacity (mAh g-1) 3861 1166 685 2205 823

SHE: standard hydrogen electrode.

Figure 1. Schematic illustration of the charge storage mechanism in ZHSCs. ZHSCs: Zinc-ion hybrid supercapacitors.

Carbonaceous materials, including carbon materials and carbon-containing composites, possess adaptively 
adjustable pore structures, remarkable specific surface areas (SSA), swift transport rates of charge/ion, and 
outstanding structural stability [Figure 2]. These advantages make them ideal candidates for use as 
quintessential capacitive electrodes in ZHSC devices[45-47]. Electrodes fabricated by carbonaceous materials, 
boasting a large SSA, are capable of efficiently storing and releasing Zn2+ ions, thereby enhancing both the 
energy and power density of the ZHSCs[48]. The high SSA boosts ion conduction and consequently increases 

{C} + X- ⇌ {C}||X-                                                                       (2)

{C} + Zn2+ ⇌ {C}||Zn2+                                                                    (3)

{C}······O + Zn2+ + 2e- ⇌  {C}···O···Zn                                                          (4)
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Figure 2. Diagrammatic representation of state-of-the-art carbonaceous materials for high-performance ZHSCs. ZHSCs: Zinc-ion 
hybrid supercapacitors.

energy/power densities of materials. The functions of porous carbonaceous materials in ion transport are 
contingent upon their pore size. The charge transfer resistance (Rct) is significantly influenced by 
micropores (less than 2 nm), mesopores (2 nm to 50 nm), and macropores (over 50 nm)[49]. An expanded 
surface area boosts the adsorptive capacity and increases porosity of a porous material. The porous nature 
of carbon-based electrodes ensures rapid electron and ion transport. Specially, Micropores are instrumental 
in the adsorption of ions onto the surface of electrode materials. Mesopores facilitate ion transfer by 
providing pathways for electrolyte ions. Meanwhile, macropores enhance ion transport, therefore reducing 
the diffusion resistance[50]. Additionally, carbonaceous materials with elevated electronic conductivity enable 
swift charge transfer and ion migration[51]. Furthermore, carbonaceous materials that exhibit exceptional 
mechanical strength and chemical inertness can preserve the structural integrity of electrodes throughout 
extensive cycling[52].

In 2016, Tian et al. pioneered the development of the original ZHSC, which features an oxidized carbon 
nanotube (oCNT) cathode paired with a zinc anode and a ZnSO4 aqueous electrolyte[53]. Subsequently, 
extensive research on carbonaceous electrodes within ZHSCs has been inspired. For instance, Wang et al.[42] 
assembled ZHSCs employing act ivated carbon (AC) cathode,  z inc anode,  and z inc 
trifluoromethanesulfonate [Zn(CF3SO3)2] in acetonitrile as the electrolyte. These ZHSCs demonstrated 
enhanced electrochemical performance and excellent durability. To date, a multitude of approaches have 
been put forth to enhance the performance of ZHSCs, yet several unresolved issues still exist in this field. 
These include the challenge of heterogeneous nucleation and side reactions at the zinc electrode[11,23], 
particularly the hydrogen evolution reaction (HER) to generate OH- ions. These anions are capable of 
interacting with zinc ions (Zn2+) in the aqueous electrolyte [such as ZnSO4 and Zn(CF3SO3)2], resulting in 
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the generation of insoluble compounds, as given in[54-56]

The formation/decomposition of Zn4SO4(OH)65H2O/[Zn(CF3SO3)2Zn(OH)2]3H2O on cathode electrodes is 
a reversible process that occurs during the charging and discharging. The researchers suggested that these 
side reactions might be responsible for a decrease in the capacity of ZHSCs. Conversely, other experts 
believe these reactions could contribute minimally to the whole energy storage[57]. As a result, there is a 
consensus that further in-depth study is required to fully understand the storage mechanism involved in 
these reactions. On the other hand, two main side reactions are involved at carbon cathodes: (1) carbon 
cathode may undergo oxidation at the surface, leading to the formation of oxygen-containing functional 
groups (such as carbonyl, carboxyl, or hydroxyl groups), which can modify the electrochemical behavior of 
the carbon cathode. In addition, carbon-active material will be lost due to excessive oxidation via CO2 
evolution; (2) Zn2+ released from the anode can migrate to the surface of carbon cathode during discharge, 
where they may react with hydroxide ions (OH-) from the electrolyte (especially in basic or high-pH 
environments) to form zinc hydroxide [Zn(OH)2]. The formation of this precipitate can block active sites 
on the carbon cathode and hinder the movement of charge carriers, which decreases the capacitance and 
stability of the carbon cathode.

In particular, the reported energy densities of ZHSC devices are significantly lower than theoretical values, 
and this diminished capacity for energy storage is largely due to the restricted ion adsorption occurring at 
the cathodes[30]. Thus, reasonable modifications to the carbon-positive electrodes have garnered increasing 
research interest. Previous research suggested numerous strategies to strengthen the adsorptive performance 
of carbon electrodes, including morphological adjustments, the construction of hierarchical porous 
structures, heteroatom doping into the carbon host, and oxygenic groups. For example, Huang et al.[58] 
indicated an anomalous increase in area-specific capacitance with a reduction in average pore size to below 
1 nm. They also found that specific capacitance reached its maximum when the ionic size matched the pore 
dimensions of carbonaceous materials. Subsequent theoretical explorations demonstrated that desolvation 
effects arise as electrolyte ions infiltrate micropores[59]. Evidently, this phenomenon leads to a decrease in the 
radius of the electric double layer (EDL), thereby promoting an increase in specific capacitance under static 
electricity action. However, despite these promising advancements, the current capabilities of new 
carbonaceous materials have not yet met the high theoretical capacity of zinc electrodes, leading to 
somewhat unsatisfactory performance in ZHSC devices. It is crucial to further explore and refine the 
compatibility between SSA and dimensions of the pores within materials to fully understand the impact of 
electrolyte ions within pore structures. Moreover, achieving precise control over both pore size and 
structure-especially regarding micropores-remains a significant challenge. Over the past years, some 
researchers have devoted themselves to reviewing the synthesis processes and electrochemical properties of 
well-designed carbonaceous electrodes and the configurations of ZHSCs[60,61]. However, a comprehensive 
review including the latest design theories of carbonaceous electrode configurations and energy storage 
mechanisms is still needed, which can be instructional for future investigations of ZHSCs.

This review presents the mutual effect among structural engineering, pore characteristics, and energy 
storage mechanisms in carbonaceous electrodes. Here, we provide a comprehensive overview of the latest 
developments concerning sophisticated carbonaceous materials for ZHSCs, including design and 
fabrication strategy, structural configuration, and relevant properties. Subsequently, we outline modification 

4Zn2+ + 6OH-1 +          + 5H2O ⇌ Zn4SO4(OH)6∙5H2O                                            (5)

2Zn2+ + 4OH-1 + 2Zn(CF3SO3)2 + 3H2O2 ⇌ [Zn(CF3SO3)2Zn(OH)2]∙3H2O                        (6)
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strategies to refine the electrochemical properties of the ZHSCs. Ultimately, the prevailing problems and 
potential opportunities for carbonaceous materials in ZHSCs are discussed, with the intention of fostering 
innovation in optimizing carbonaceous cathodes and therefore facilitating the advancement of ZHSCs with 
desired energy density.

ZERO-DIMENSIONAL CARBONACEOUS MATERIALS
Zero-dimensional (0D) carbonaceous nanomaterials are defined as matters that are nanoscale across all 
spatial dimensions, with sizes ranging from 1 nm to 100 nm[62]. Accordingly, the carbonaceous materials 
possessing 0D morphology specifically denote carbon nanoparticles. These new materials exhibit 
accelerated mass transfer rates due to their diminutive nanoscale dimension, distinctive nanostructure, and 
adjustable spherical size distribution. Among them, carbon spheres (CSs), carbon dots (CDs) and spherical 
carbon superstructures have emerged as the most extensively studied 0D carbonaceous materials within 
ZHSCs.

Hollow carbon spheres
Uniformly sized CSs possess several distinct advantages including superior electrical conductivity, regulable 
morphology of pores, and a size distribution that can be precisely controlled[63-65]. Thus, they demonstrate 
significant practicability to be employed for electrode materials in ZHSC applications.

Based on the structural features, the classification of CSs commonly includes several types, such as hollow 
CSs (HCSs)[66,67], yolk-shell structured CSs[68,69], and core-shell structured CSs[70,71], among others. These 
nanospheres were predominantly utilized in the fabrication of cathodes for ZHSC devices due to their 
nanostructure featuring large void space and high surface area. This unique structure facilitates mass 
transfer by promoting electrolyte ion diffusion while mitigating volume expansion during repeated charge-
discharge cycles. Recent studies indicate that the performance of HCSs is significantly enhanced when 
nanostructures with interconnected open mesoporous channels, and precisely controlled shell thicknesses 
and channel lengths, are achieved[72]. Unfortunately, the majority of HCSs exhibit monotonous pore 
architectures, which constrains their effective utilization. The storage and transmission of Zn2+ ions within 
the micropores can be promoted by integrating a double-layer carbon shell with both micropores and 
mesopores[73]. It follows that the regulation and design of CSs with mesoporous hollow structures are of 
significant importance.

A synthesis strategy known as the hard template method is widely used to prepare HCSs. Specifically, a 
rational carbon precursor is selected to coat onto oxide spheres, which is subsequently converted into 
carbon through calcination, followed by the removal of the oxide template[74]. Resorcinol-formaldehyde 
(RF), Polyaniline (PANI) and Polydopamine (PDA) are representative carbon precursors reported in recent 
articles. Chen et al.[75] fabricated HCSs with mesoporous and defined these unique nanospheres as hollow 
mesoporous carbon spheres (HMCSs). The HMCSs originated from the core-shell structured SiO2@RF 
nanoparticles, resulting in HMCSs with an appropriate SSA (800 m2 g-1). Then, they constructed a ZHSC 
using HMCSs to fabricate both the cathodes and functional coatings on the anode. The capacitance of 
obtained ZHSC attained 212.5 F g-1. Meanwhile, an impressive retention of capacitance, with 99.4% 
maintained after 2,500 cycles, was achieved. Furthermore, RF resin had been regarded as a potential carbon 
precursor in the production of CSs. However, the practical applications of CS derived from phenol/
formaldehyde resins remain limited due to the necessity of using highly carcinogenic phenol/formaldehyde 
and their failure to meet performance standards in certain domains. Du et al.[76] employed confined 
pyrolysis and leveraged polymerization characteristics of PDA to construct HCSs with a dual-shell structure 
comprising micropores and mesopores [Figure 3A-C]. The sizes of both micropores and mesopores could 
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Figure 3. (A) Schematic of HCS synthesis; (B) SEM and (C) TEM images of HCSs; (D) Schematic diagram of ZHSC consisting of carbon 
cathodes and zinc anodes; (E) CV curves at a scan rate of 5 mV s-1; (F) GCD curves at 0.1 A g-1. Reproduced with permission from 
Ref.[76]. Copyright 2024, Wiley. HCSs: Hollow carbon spheres; SEM: scanning electron microscopy; TEM: transmission electron 
microscopy; ZHSCs: zinc-ion hybrid supercapacitors; CV: cyclic voltammetry; GCD: galvanostatic charge-discharge.

be delicately modulated by modifying the pyrolysis and hydrothermal synthesis processes. These regulable 
features of porosity link the depth of micro- and mesoporous in the resulting CSs to the specific capacity of 
ZHSCs. The cyclic voltammetry (CV) curves of the assembled ZHSCs (schematized in Figure 3D) displayed 
a broad operational voltage from 0.2-1.8 V [Figure 3E]. As illustrated in Figure 3F, the galvanostatic charge-
discharge (GCD) curves exhibited discharge capacities of 147 F g-1 and 260 F g-1 at 0.1 A g-1 for CS and 
synthesized HCS, demonstrating that the capacitance of the ZHSCs could be enhanced when assembled by 
the cathode consisting of micropores/mesopores dual-shell carbon.

Besides, a MnO2 hard template is employed to fabricate HCSs. For instance, a rational approach for the 
controlled synthesis of P/N dual-doped HCSs (PN-CHoNS) by introducing a flower-like MnO2 template 
was proposed by Li et al.[77] [Figure 4A-C]. The MnO2 nanoflowers serve dual functions that act both as 
structure-directing agents and chemical oxidative seeds. The structural features of 3D PN-CHoNS, 
including porous structure, hollow interior and dual doping engineering electronic structure, contributed to 
improved ion/electron transfer, enhanced contact between the electrolyte and electrode, and reduced path 
for ionic transport. Furthermore, the energy storage mechanism of PN-CHoNS was elucidated through the 
analysis of in-situ Raman spectroscopy. The results indicated the complementary benefits of electric 
double-layer capacitance (EDLC) and pseudocapacitance, which were respectively introduced by 
adsorption/desorption behaviors of physical and chemical ions, were significantly beneficial to improving 
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Figure 4. (A) Schematic diagram of the PN-CHoNS synthesis; (B and C) the SEM images of PN-CHoNS HSCs; (D) The 
charge-discharge profiles of ZHSC; (E) In-situ Raman spectra of PN-CHoNS cathode during charging/discharging process. Reproduced 
with permission from Ref.[77]. Copyright 2024, Elsevier. HSCs: Hybrid supercapacitors; PN-CHoNS: P/N dual-doped hollow carbon 
spheres; SEM: scanning electron microscopy; ZHSC: Zinc-ion hybrid supercapacitors.

the capacity of PN-CHoNS [Figure 4D and E]. The calculated results of density functional theory (DFT) 
evidenced that dual P and N doping enhanced the kinetics associated with the kinetics of absorption and 
desorption involving zinc ions. Thus, the prepared ZHSC device achieves excellent energy storage capacity 
(164.4 mAh g-1). The calculated result of energy density was 116.0 Wh kg-1 at 141 W kg-1, and remarkable 
cycling stability retaining 80.6% after 12,000 cycles was achieved.

Other 0D architectures
While HCSs demonstrate superior electrochemical properties, the thickness of the electrode can swell 
substantially under high mass loading, which consequently impairs electron conduction and ion diffusion, 
thereby diminishing the transport and storage capacity for Zn2+ ions. To tackle this issue, Liu et al.[78] 
introduced a spherical superstructure of CS30, crafted through a Lewis pair interaction-guided self-assembly 
approach, to markedly improve the kinetics and Zn2+ storage of ZHSCs. The refined CS30 featured a gradient 
carbon framework containing lamellae and pores, which expedited ion migration and electron transfer, and 
enhanced Zn2+ storage. Throughout a 10-cycle duration, ZHSCs equipped with CS30 electrodes displayed 
superior rate performance, retaining a high capacity of 51.7% at 50 A g-1, outperforming other counterparts 
with retention rates ranging from 7.2%-46.5%. Furthermore, elevating the mass loading of the active 
substances to 40 mg cm-2 resulted in ZHSC exhibiting a remarkable specific capacity of 132 mAh g-1. 
Comprehensive research indicates that CS30 possesses a plethora of electrochemically active sites and swift 
mass transfer pathways, endowing it with rapid kinetics and superior zinc ion storage. Moreover, carbon 
nanodots have emerged as a candidate for electrode fabrication in ZHSCs, offering a mechanical buffer for 
the nanoparticle structure and facilitating rapid charge transfer. Guo et al.[79] synthesized a composite of 
carbon nanodots with Ni-Zn phosphates (CDs/NZP) through a straightforward hydrothermal process. By 
fine-tuning the concentration of CDs in the reaction, the chemical performance of the resulting hybrid 
structure was significantly enhanced. The combination of bimetal phosphates and the incorporation of CDs 
substantially improved the structural stability and electrical conductivity, which in turn expedited the 
charge transfer process, even under high current densities. When utilized as a pseudocapacitive electrode, 
this nanohybrid demonstrated an impressive specific capacitance of 1,885.7 F g-1 at a current density of 
1 A g-1, with a retention rate of 98.7% after 3,000 cycles. The outstanding performance of CDs/NZP was 
primarily attributed to the elaborated nanoparticle structure, the synergistic effect of the bimetal 
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phosphates, and the ultrafine CDs with high conductivity.

The pore morphology and structure of 0D carbonaceous materials is crucial for achieving superior 
electrochemical performance, yet the interplay between porosity and electrochemical behavior remains not 
fully understood. Xiao et al.[80] synthesized nitrogen-doped carbon with three distinct porous structures to 
investigate how size distribution of pores influences the electrochemical performance of ZHSCs, as depicted 
in Figure 5A. These porous carbon materials exhibit comparable specific surface area but different pore size 
distributions, which are defined to LVCR, LNCR and HVCR. The LNCR and HVCR are represent carbon 
materials lacking mesopores and macropores, respectively, whereas LVCR with hierarchical micro-, meso-
and macropores. The optimized porous carbon (PC), referred to as LVCR, exhibited substantial 
electrochemically active surface area, an abundance of oxygen functional groups, and a hierarchical porous 
structure that enhanced electron transfer and ion diffusion [Figure 5B and C]. This hierarchical porosity, 
along with the presence of nitrogen doping, was instrumental in boosting the electrochemical performance 
of LVCR by facilitating efficient charge transport and maximizing the utilization of the active surface area. 
According to the results of ex situ characterizations [Figure 5D-G], the kinetics of Zn2+ storage were 
controlled by both macro- and mesoporous structures. The macroporous facilitated the transport of ions, 
while the mesoporous primarily boosted the capacity for Zn2+ storage. The outstanding electrochemical 
performance of LVCR could be credited to the swift, reversible processes of ion absorption and desorption, 
which were enabled by the hierarchical porous architecture. Consequently, the LVCR-based device 
exhibited an outstanding energy density of 126.6 Wh kg-1 at a power density of 31.4 kW kg-1. Moreover, the 
device demonstrated exceptional stability, retaining a capacitance of 97.7% even after undergoing 
50,000 cycles.

Obviously, 0D carbonaceous materials have exhibited great potential to be applied in electrode materials 
within ZHSCs. However, the structure control of these materials related to the characteristics of precursors 
is still an issue, especially for HCSs. Previous works have indicated that the thickness can only be increased 
by introducing a precursor layer and coating it layer by layer, while the pore size distribution is limited by 
mesopores[81]. This is not only time-consuming but also hinders macro preparation of 0D carbon materials. 
Therefore, further optimization of the synthetic route to fabricate elaborate nanostructure with adjustable 
dimensions and hierarchical pore size distributions is significant and urgently needed.

ONE-DIMENSIONAL CARBONACEOUS MATERIALS
Carbonaceous materials characterized by one-dimensional (1D) nanostructures are increasingly recognized 
as viable options for electrode materials in ZHSCs[82,83]. These materials are distinguished by their high 
aspect ratio, which contributes to their superior electronic conductivity, and their remarkable mechanical 
flexibility. The synergistic effect of these attributes allows for facilitating efficient electron transfer if the 1D 
carbonaceous materials were used to construct cathode in ZHSCs. Additionally, the exceptional mechanical 
stabilities of 1D carbonaceous materials render them highly suitable for the advancement of flexible or 
wearable electronic devices, presenting a clear advantage over traditional planar structures[84,85]. The carbon 
nanotubes (CNTs) and carbon nanofibers (CNFs) are particularly notable for their exemplary performance.

Carbon Nanotubes
CNTs are regarded as descendants of fibrous carbon materials and fullerenes[85]. Owing to their remarkable 
chemical and mechanical properties, including high tensile strength, ultra-lightness, unique open pore 
structure, and high chemical stability[86], CNTs are recognized as promising electrode materials. Based on 
the CNTs, Zhang et al.[87] presented a Zn-ion hybrid fibrous supercapacitor (ZnFC), which was assembled 
by a cathode fabricated by a fibrous material composed of reduced graphene oxide (rGO) and CNTs. This 



Page 10 of Cai et al. Energy Mater. 2025, 5, 500085 https://dx.doi.org/10.20517/energymater.2024.26633

Figure 5. (A) Schematic illustration for the synthesis of LVCR, LNCR and HVCR; (B) SEM and (C) TEM images of LVCR; (D) GCD 
curves of LVCR with selected points assigned to different charge/discharge states; 2D contour images of (E) F 1s Zn 2p and (F) Zn 2p; 
and (G) high-resolution XPS spectra of C 1s. Reproduced with permission from Ref.[80]. Copyright 2024, Wiley. SEM: Scanning electron 
microscopy; TEM: transmission electron microscopy; GCD: galvanostatic charge-discharge; 2D: two-dimensional; LVCR: hierarchical 
micro-, meso-and macropores; LNCR: carbon materials lacking mesopores; HVCR: carbon materials macropores.

supercapacitor exhibited an excellent specific capacitance (104.5 F cm-3 at 0.4 A cm-3) owing to its capacitor-
type cathode. Subsequently, Lin et al.[88] developed a ribbon-shaped composite containing multi-walled 
CNTs and graphene oxide. This composite, named Nanoporous multi-wall carbon nanotube@graphene 
oxide nanoribbons (NP-MWCNT@GONR), was synthesized by ZnCl2 activation to form core-shell 
structure with a SSA of 54.2 m2 g-1. The chemical properties and stabilities of ZHSCs with the 
NP-MWCNT@GONR were significantly higher than that with blank materials synthesized without 
activation, involving a specific capacitance of 185.3 F g-1 at 0.1 A g-1 and an energy density of 90.09 Wh kg-1 
at 95 W kg-1.

However, compared with other carbonaceous materials, the relatively low SSA and density of the CNTs 
restrict the enhancement of capacitance and energy density[89]. Thus, it is urgently necessary to increase the 
amount of pseudocapacitive active sites in CNTs. Recent studies are devoted to modifying CNTs by doping 
with heteroatom (e.g., N, O, P) to improve the pseudocapacitive active sites. Yang et al.[90] synthesized a 
flexible CNT@PC foam by carbonizing the phenol-modified micelles from melamine with Pluronic F-127 
in-situ onto CNTs [Figure 6A and B]. Through the carbonization of precursors, the co-doped nitrogen and 
oxygen with high concentration was accomplished. The slender PC films, measuring 12.5 nm in thickness 
[Figure 6C], could provide a brief path of ionic transport and were characterized by a substantial number of 
open mesopores. These unique mesopores have an average diameter of 14.3 nm and account for a 
significant 64.7% mesopore volume ratio. In the resultant ZHSC, an excellent specific capacity of 
175.3 mAh g-1 at 0.1 A g-1, a high energy density of 150.8 Wh kg-1 at 80 W kg-1 and an impressive rate 
capability of 93.1 mAh g-1 at 50 A g-1 were achieved. The examination of the electrochemical storage 
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Figure 6. (A) Schematic of CNT@PC synthesis; (B) SEM and (C) TEM images of CNT@PC foam; (D) The first GCD curve of CNT@PC 
foam at 0.1 A/g; Ex-situ (E) O 1s and (F) N 1s XPS spectra of CNT@PC foam. Reproduced with permission from Ref.[90]. Copyright 2024, 
Elsevier. SEM: Scanning electron microscopy; TEM: transmission electron microscopy; GCD: galvanostatic charge-discharge; XPS: X-ray 
photoelectron spectroscopy; CNT: carbon nanotube; PC: porous carbon.

mechanisms of the CNT@PC cathode was conducted using ex-situ X-ray photoelectron spectroscopy (XPS) 
analysis at five specific stages, as illustrated in Figure 6D-F. During the initial discharge process, the ex-situ 
O 1s spectra demonstrated a progressive shift towards higher energy in the peak’s location [Figure 6E]. This 
shift signified a decrease in the peak's intensity at 531.3 eV, associated with the carbonyl group, and the 
appearance of a peak at 532.1 eV, corresponding to the C-O-Zn bond. The formation of new Zn-containing 
bonds suggested that Zn ions were being adsorbed onto the CNT@PC cathode throughout the discharge 
process. The shift of N 1s spectra also indicated a reversible process of Zn ion desorption from the 
CNT@PC foam cathode [Figure 6F]. Electrochemical kinetic analyses also showed that the utilization of 
CNT@PC foam significantly increased capacitive contributions (73.6%), while the diffusion resistance was 
reduced to 23.6 Ω/s1/2. Notably, the multilayer CNT@PC sponge exhibited a nearly linear rise in areal 
capacity as the number of layers grew. Compared with the energy densities reported for ZHSCs[91-95], the 
5L-stacked CNT@PC foam cathode displayed higher energy density of 0.29 mWh cm-2 at 1.6 mW cm-2 and 
power density of 0.12 mWh cm-2 at 32 mW cm-2, respectively.

CNFs
In recent times, there has been extensive exploration of CNFs as prominent carbonaceous materials for 
ZHSCs. The remarkable characteristics of CNFs, such as affordability, superior electrical conductivity, 
excellent flexibility, remarkable thermal stability, and lightweight nature, greatly improve their charge 
storage performance[96]. The electrospinning method, as a versatile technique to produce CNF connective 
framework, can extend surface areas, nanoscale diameters, flexibility, porosity, and high interconnectivity of 
CNFs[97]. Moreover, it is possible to boost the electronic conductivity and hydrophilicity of CNFs by 
modifying their surface, while also enhancing the chemisorption of ions. He et al.[98] devised a flexible CNF 
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film featuring oxygen-containing groups using a simple method. These oxygen-containing groups
significantly enhanced the wettability of the carbon fibers with aqueous electrolytes and greatly promoted
the chemical absorption of Zn2+ ions to improve the capacitance. The ZHSC assembled with a cathode made
of this carbon fiber achieved remarkable energy and power densities. Li et al.[99] created specific carbon
fibers characterized by a hierarchical porous architecture and functional groups containing heteroatoms of
oxygen and nitrogen. The capacitance of assembled ZHSC attained 156 mAh g-1, and high energy and power
densities of 127 Wh kg-1 and 15.3 kW kg-1 were obtained, respectively. Investigations into the mechanisms
revealed that the charging/discharging cycles of the CNF cathodes involved the adsorption and desorption
of cations, along with the formation and dissolution of Zn4SO4(OH)6∙5H2O at lower voltages, whereas anion
adsorption and desorption occurred at higher voltages.

In practical applications, synthetic materials must be coated onto a current collector to form cathodes[100].
Nevertheless, these current collectors commonly exhibit restricted SSA and insufficient active adsorption
sites on their surface[101,102], which hampers the energy density enhancement of ZHSCs[103]. Thus, there is an
urgent requirement to engineer sufficient active sites of the current collector and to employ them directly as
flexible cathodes in ZHSCs. As illustrated in Figure 7A-C, He et al.[104] designed an in-situ exfoliation
method to incorporate highly nitrogen-doped pyridine/pyrrole (Py) and carbonyl-functionalized
nanosheets onto a CNF framework (N-OPCNF). The obtained N-OPCNF film featuring numerous active
sites could be utilized as a self-supporting cathode for ZHSCs. Following the exfoliation of the
nitrogen-doped pyridine/Py and carbonyl-modified nanosheets, the architecture of the CNFs underwent
partial opening, facilitating the accumulation and diffusion of Zn2+ throughout the entire CNFs. The
calculation results of DFT suggested a marked improvement of electrochemical activity stemming from a
multitude of highly active chemisorption sites [Figure 7D]. Utilizing this method, the capacitance of the
obtained cathode increased to 136 mAh g-1. The researchers assembled a quasi-solid ZHSC using N-OPCNF
cathode and gelatin electrolyte [Figure 7E]. The ionic conductivity (σ) of the gelatin electrolyte was
calculated to be 3.67 ms cm-1 according to

(7)

where R represented the ohmic resistance, L indicated the thickness, and A denoted the area of the gel
electrolyte. Notably, the series CV test results under simulated actual application conditions indicated that
by connecting two devices, the combined capacitance could indeed be doubled [Figure 7F]. The obtained
ZHSC possessed an extended cycle life, maintaining a capacitance retention rate of 80.38% following
8,000 cycles at 1 A g-1 [Figure 7G].

Introducing a heteroatom can further enhance the chemical properties of CNFs by generating many defects
on the surface by modifying the type of hybrid orbitals in carbon atoms[105]. Moreover, modifications in the
porosity can result in the loss of atoms and alterations to the distortion within the crystal lattice. These
mechanisms can give rise to a multitude of intrinsic defects that are structurally induced, such as edge sites,
vacancies, and pores[106]. Zhang et al.[107] proposed a new strategy for designing hollow CNFs that featured
multi-channel and a graphene-analogous structure and a notably large SSA, named Multi-channel hollow
carbon nanofiber (MCHCNF) [Figure 8A-C]. Through the strategy of pore construction and expansion, the
dual objectives of increasing active site quantity and eliminating diffusion barriers are achieved
simultaneously. Featuring a SSA of 2,511.1 m2 g-1, the optimized structure of MCHCNF exhibits highly
developed hierarchical pores. The DFT results, as shown in Figure 8D, confirmed the significant reduction
of the energy threshold for reactions between the defect and active ions, consequently boosting the
chemisorption of ions. Importantly, the MCHCNF is characterized by an appropriate micropore size
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Figure 7. (A) Schematic of N-OPCNF synthesis; (B) SEM image and (C) TEM image; (D) The results of theoretical calculations for the 
Zn adsorption; (E) Schematic diagram of the assembly of ZHSC; (F) CV profiles; (G) Capacitance retention and coulombic efficiency. 
Reproduced with permission from Ref.[104]. Copyright 2024, Springer. N-OPCNF: Nanosheets onto a arbon nanofiber framework; SEM: 
Scanning electron microscopy; TEM: transmission electron microscopy; ZHSC: Zinc-ion hybrid supercapacitor; CV: cyclic voltammetry.

between 0.86 nm and 2 nm and well-developed mesopores, which significantly boost the embedding of 
[Zn(H2O)6]2+/hydrated CF3SO3-. Consequently, it provided a remarkable specific capacity attaining 
191.4 mAh g-1, and reasonable capacitance retention of 93.0% across 15,000 cyclic processes. Calculated 
energy and power densities were as high as 133.1 Wh kg-1 and 34.4 kW kg-1, respectively.

In conclusion, CNTs and CNFs demonstrate impressive conductivity, durable chemical stability, and the 
capability to facilitate a direct pathway for electron transfer. In contrast to two- (2D) and three-dimensional 
(3D) carbon forms, the limitation of 1D carbon lies in its lower capacitance resulting from restricted SSA 
and reduced packing density. Nowadays, investigations into CNTs have predominantly focused on 
integrating them with additional active components to establish improved conductive pathways within the 
cathodes. The doping of heteroatoms (e.g., N, P, S) can significantly improve the wettability of 1D 
carbonaceous materials and accelerate the transfer of Zn2+ ions. Furthermore, the employment of CNFs as 
current collectors is projected to optimize the functionality of ZHSCs.

2D CARBONACEOUS MATERIALS
In the development of electrode materials, 2D carbonaceous materials are particularly prominent. Owing to 
the elaborately engineered structures and modified electronic properties, 2D layered PCs show 
extraordinary potential in energy-related applications by fostering stronger interactions between 
components[108]. Their expanded interlayer spacing offers an expansive surface area and exposes a larger 
number of reactive atoms and electrochemically active sites to enhance the capacitance. This section 
concentrates on two widely investigated 2D carbonaceous materials: graphene-based materials and carbon 
nanosheets.
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Figure 8. (A) Diagrammatic representation of the fabrication procedure of MCHCNF and MCHCNF-x (h); (B) Electron microscopy 
characterization and (C) TEM images of MCHCNF; (D) The results of DFT of Zn2+/ CF3SO3- adsorption. Reproduced with[107]. Copyright 
2023, Wiley. TEM: Transmission electron microscopy; DFT: density functional theory; MCHCNF: multi-channel hollow carbon 
nanofiber.

Graphene-based materials
As a representative 2D carbonaceous material, graphene is formed by carbon atoms arranged in a hexagonal 
lattice through sp2 hybridization[89]. Its unique properties, including a definite pore structure, remarkable 
inertness, exceptional electrical conductivity, and an extraordinarily high theoretical SSA-reaching up to 
2,630 m2 g-1-render graphene enormous potential for being applied as a cathode material in various 
applications[23]. Research conducted by Wu et al.[109] was the first to illustrate the potential of graphene for 
fabricating cathodes eligible for use in ZHSCs. The researchers crafted a cathode by utilizing a modified 
Hummers’ method to produce porous carbon derived from chemical activated graphene (aMEGO), which 
was subsequently activated with KOH. The setup resulted in the construction of a Zn//aMEGO ZHSC, also 
encompassing a zinc anode with an electrolyte solution of 3M Zn(CF3SO3)2. This device exhibited 
impressive cycling stability that retained 93% capacitance after an astonishing 80,000 cycles at 8 A g-1, 
indicating a durability level comparable to traditional electric double-layer capacitors. In another 
noteworthy contribution, Sun et al.[110] presented a hybrid device that effectively combined features of both 
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pseudocapacitive materials and Zn-air batteries within a ZHSC framework. The achievement was made 
possible by employing a rGO foam (RG-R). This PC material contained abundant defects and oxygen 
functional groups, improving the wettability of the pore surface and providing extra active sites. The 
performance of the Zn//RG-R ZHSC was assessed under two configurations: in ambient air and as a coin 
cell. The results indicated a significant improvement in discharge times in the air, where the device 
demonstrated a performance of 370.8 F g-1 at 0.1 A g-1, contrasting with a lower performance of 200.4 F g-1 at 
0.1 A g-1 when tested as a coin cell. This discrepancy suggested that the defects distributed in the graphene 
structure might serve as active sites conducive to catalyzing redox reactions, contributing to enhanced 
overall device performance.

Nevertheless, it was essential to recognize that the beneficial chemical performance of graphene-based 
materials could be hindered by the material’s propensity to aggregate and restack, which posed challenges 
for their optimal functionality. To tackle this issue, Song et al.[111] created a graphene@carbon cloth (CC) 
cathode by means of coating the flexible CC with the colloids of graphene nanoflakes, which effectively 
reduces the aggregation and restack of graphene. The graphene@CC cathode exhibited a SSA of 678.6 m2 g-1, 
characterized by a significant presence of mesopores. A substantial specific capacitance of 247.7 F g-1 at 
0.2 A g-1 and an energy density of 158.1 Wh kg-1 at 0.2369 kW kg-1 were achieved by assembling ZHSC 
utilizing graphene@CC cathode. In addition, this ZHSC demonstrated outstanding stability over extended 
cycling, retaining 73.7% of the initial capacitance after 50,000 cycles. Furthermore, even at low temperatures 
such as 20 °C, this device maintained a notable capacitance of 202.8 F g-1 at the same current density, 
equating to 81.9% of its original capacitance measured at ambient temperature.

The other effective strategies to prevent the aggregation and stack of graphene involve combining graphene-
based materials with other nanomaterials. Notably, metal-organic framework (MOF)-derived carbonaceous 
materials are a potential method to expose maximum active sites and have been employed in new 
ESDs[112,113]. Jia et al.[114] synthesized a composite consisting of MIL-88B(V) nanorods integrated with rGO 
sheets [MIL-88B(V)@rGO] using a simple hydrothermal synthesis method. This approach effectively 
mitigated the aggregation and stacking of GO and regulated the crystallization of MIL-88B(V); thus, 
uniformly fine nanorods were obtained [Figure 9A-C]. Throughout the first charging/discharging cycle, the 
MIL-88B(V) underwent a conversion into amorphous V2O5 due to electrooxidation, promoting the 
insertion/ extraction behaviors of Zn2+ by offering the primary active sites. Moreover, the rGO sheets 
created uninterrupted electron transfer routes and avenues for ion diffusion, which expedited the redox 
reactions and enhanced the pseudocapacitive performance. As demonstrated in Figure 9D and E, the 
amorphous V2O5@rGO exhibited outstanding electronic conductivity, a negative Zn2+ adsorption energy of 
(-0.715 eV), and low energy requirements for Zn2+ insertion (0.814 eV) and extraction (0.332 eV). Therefore, 
the MIL-88B(V)@rGO delivered an impressive specific capacity of 479.6 mAh g-1 at a current density of 
50 mA g-1, alongside an improved cycling stability, retaining 80.3% of the initial capacity after 400 cycles at 
2 A g-1. It should be noticed that the assembled pouch cell featuring the prepared cathode and a Zn anode 
[Figure 9F], which were subjected to 90°, 120°, and 180° bends, demonstrated stable discharge capacities and 
voltages [Figure 9G and H]. The remarkable flexibility and stability of the MIL-88B(V)@rGO rendered it 
suitable for applications in flexible ZHSCs.

A straightforward self-adaptive method was recommended by Wu et al.[115], which involved simultaneous 
production of cathodic materials alongside anodic protective coatings. In Figure 10A, GO and acrylamide 
(AM) are employed to facilitate electro-polymerization of Py, resulting in the formation of doped 
polypyrrole (PPy) composites, denoted as PPy/GO-AM. These composites are specifically engineered for 
the construction of a capacitive-type cathode. Throughout this methodology, a self-assembled composite 
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Figure 9. (A and B) SEM and (C) TEM images of MIL-88B(V)@rGO composite; (D) The calculated Zn2+ adsorption energy; (E) The 
calculated insertion/extraction energy of Zn2+ in amorphous V2O5@rGO; (F) Schematic diagram of a flexible pouch cell; (G) The GCD 
curves under different bending angles; (H) The voltage of samples bent to different angles. Reproduced with permission from Ref.[114]. 
Copyright 2024, Wiley. SEM: Scanning electron microscopy; TEM: transmission electron microscopy; GCD: galvanostatic 
charge-discharge; rGO: reduced graphene oxide.

layer made up of rGO and polyacrylamide (PAM) is deposited onto the Zn foil (rGO/PAM@Zn). The CV 
curves obtained at various scanning rates display distorted rectangular patterns [Figure 10B]. These curves 
suggested dual mechanisms of energy storage: the accumulation of electrolyte ions on the electrode surface 
through electrostatic adsorption, and the pseudocapacitance stemming from the insertion/extraction of ions 
within electrolyte. The ZHSC was assembled utilizing these two optimized electrodes [Figure 10C], which 
exhibited an ideal rate performance calculated from the GCD curves exhibiting an excellent specific 
capacitance of 125 mF cm-2 at 1 mA cm-2, and an impressive specific capacitance of 125 F cm-3 at a current 
density of 1 mA cm-2 [Figure 10D]. The computed energy density reached 0.044 mWh cm-2 at a power 
density of 0.8 mW cm-2. Additionally, a remarkable cycling stability of the ZHSC was also obtained, which 
evidenced a 90.3% retention after 5,000 cycles [Figure 10E]. The self-adaptive optimization strategy 
provided advantageous mechanical properties for flexible ZHSCs, making this manufacturing technique 
scalable and easily adaptable.
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Figure 10. (A) Diagram of the fabrication of PPy/GO; (B) CV curves of PPy/GO; (C) Schematic illustration of the preparation of flexible 
ZHSCs with PPy/GO electrodes; (D) Areal capacitance of ZHSCs; (E) Cycling performance of device at a scan rate of 100 mV s-1. 
Reproduced with permission from Ref.[115]. Copyright 2024, Wiley. PPy: Polypyrrole; GO: graphene oxide; CV: cyclic voltammetry; 
ZHSCs: zinc-ion hybrid supercapacitors.

Carbon nanosheets
Two-dimensional porous carbon nanosheets (PCNs) feature abundance of micro- to mesopores and high 
SSA to facilitate ion accumulation at the interface by offering numerous active sites[116-118]. Achieving an 
optimal thickness for PCNs is essential for effective ion transport. The appropriate thickness helps avoid the 
bending and aggregating of ultrathin nanosheets, reduces the length of ion migration routes, and enhances 
the dynamics of ion diffusion. This arrangement decreases resistance and results in a low Warburg 
coefficient alongside a high ion diffusion coefficient, promoting rapid transport of the electrolyte[119]. PCNs 
have been effectively employed as materials for electrodes, highlighting their practical significance in 
ZHSCs. For example, a tile-shaped carbon nanosheet (referred to as carbon tile, CT) was created by Cao 
et al.[120] from kapok and integrated with single-walled CNTs (SWNTs). This composite, exhibiting a SSA of 
947 m2 g-1, facilitates short pathways for ion penetration and boasts a high ion-accessible surface area, 
thereby allowing reversibly ionic adsorption/desorption. The CT/SWNT ZHSC showed excellent rate 
capability and both gravimetric and areal performance, achieving a capacity of 114 mAh g-1 at a considerable 
mass loading of 12 mg cm-2, while maintaining volumetric capacity.

Incorporating heteroatoms into PCNs can optimize the wettability, improve the electronic conductivity, and 
enhance the electric charge capacity. For example, Zhang et al.[121] designed a cathode using N and P 
co-doped PCNs. The introduction of N and P heteroatoms can reduce the energy threshold required for 
reactions involving the cathode and zinc ions, which is confirmed by the analysis of theoretical modeling. 
The resulting ZHSC achieved a capacitance of 232.2 F g-1 at 0.1 A g-1; calculated energy and power densities 
were as high as 81.1 Wh kg-1 and 13.366 kW kg-1, respectively. Xu et al.[122] prepared holey activated PCNs 
[holey activated carbon sheets (HACS)] originating from a low-cost molecular salt serving as an ideal 
precursor to fabricate HACS doped with abundant heteroatoms [Figure 11A]. The molecular salt was 
carbonized, self-activated, and subsequently acidic washed to convert into ACs possessing a holey sheet 
morphology with a remarkable SSA of 1004 m2 g-1 [Figure 11B]. The obtained ACs also featured a 
hierarchical porosity, encompassing both micropores and mesopores, along with plentiful O (10.2 at%) and 
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Figure 11. (A) Schematic selection of molecule and synthesis of HACS; (B) SEM images of HACS; (C) DFT calculation of HACS; (D) 
Charge-discharge curves of HACS cells with different mass loadings. Reproduced with permission from Ref.[122]. Copyright 2024, Wiley. 
HACS: Holey activated carbon sheets; SEM: scanning electron microscopy; DFT: density functional theory.

N (6.64 at%) dopants. The DFT calculations revealed that the maximum binding capability of Zn occurred 
on ether1 oxygen (Oe1) sites, carboxylic oxygen (Oc) and pyrrolic nitrogen (Npy) sites. The theoretic 
analysis suggested that the most potent adsorption energies of Oe1, Oc, and Npy could result in 
non-reversible ion storage [Figure 11C]. Consequently, the HACS, which is rich in these sites, could 
facilitate the Zn2+/protons co-storage through a combination of reversible physical and chemical adsorption, 
as well as precipitation and dissolution during the charging and discharging cycles. Consequently, the 
HACS exhibited an ideal capacity retention of 68% after 27,000 cycles at 2 A g-1 and ≈100% Coulombic 
efficiency (CE). Moreover, as the mass loading augmented, HACS delivered a direct proportionality in areal 
capacitance, rising from 2.50 F cm-2 at 9.1 mg cm-2 to 9.00 F cm-2 at 35.4 mg cm-2 [Figure 11D].

Carbon nanosheets derived from biomass and doped with heteroatoms have emerged as a compelling 
subject of research due to their potential as a sustainable, cost-effective, and eco-friendly alternative for 
fabricating advanced cathodes. Therefore, it is essential to promote the progress of bio-renewable carbon 
sources and develop efficient techniques for the mass production of highly effective and stable carbon 
materials. Unfortunately, the intricate understanding of how various dopants and functional groups interact 
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synergistically and their mechanisms influencing Zn ion storage remains unclear. Wang et al.[123] produced 
the oxygen- and nitrogen-doped PCNs, utilizing the epiphytic roots of Ficus macrocarpa as a carbon 
precursor. These roots were carbonized through a two-stage process consisting of pyrolysis followed by 
activation to obtain a carbonaceous material designated as Hierarchical porous carbon nanosheets 
functionalized with oxygen groups and nitrogen dopants (FHPCNSs). The produced FHPCNSs carbonized 
at 800 °C displayed a remarkable SSA (1,454.7 m2 g-1) with plentiful surface compositions (O, 38.8 at%; N, 
3.1 at%). The obtained CV curves revealed an extensive voltage window of 0.35 V to 2.0 V. This 
characteristic was linked to the suppression of oxygen and hydrogen evolution responses, attributable to the 
significant abundance of oxygenic and nitrogenic groups on the FHPCNSs. It was reasoned that the 
synergistic effects between pyrrolic-N and carboxyl functional groups on the carbon surface facilitated the 
adsorption of Zn2+ ions. Consequently, the high capacity (220.1 mAh g-1 at a current density of 0.2 A g-1) and 
significant energy density (181.6 Wh kg-1 with a power density of 165.0 W kg-1) were achieved in the 
assembled FHPCNSs-ZHSC.

Preparing PCN with “surface pores” requires effective methodologies. The thermal decomposition process 
in carbonaceous materials or those derived from biomass templates can be sustained at elevated 
temperatures. Nonetheless, conventional techniques face several significant challenges[124,125]. First, it is 
difficult to precisely regulate the defects and impurities in the biomass, leading to the inability to reproduce 
the pore formation consistently. Furthermore, the creation of a somewhat limited porous framework is 
solely achievable via the method of defect deconstruction, making it unsuitable for the HSCs that demand 
superior rate performance. To address these problems, researchers are concentrating on activation 
techniques that are both more feasible and effective. Liu et al.[126] followed the previously documented 
technique of holey graphene to develop a hierarchically PCN, utilizing the desiccated petals of Bougainvillea 
as a base material [Figure 12A]. Considering the features of various activation techniques, biomass-derived 
PCNs were synthesized through a direct process involving KOH activation and carbonization utilizing 
Bougainvillea petals, and the resulting nanosheets were employed as cathode materials in ZHSCs. 
Furthermore, essential activation parameters were examined (activation temperature and sample/KOH 
mass ratio) to achieve a high SSA and surface pore structure [Figure 12B and C]. It could be speculated from 
the Ex-situ high-resolution XPS spectra (depicted in Figure 12D-G) that the absorption of Zn2+ onto the 
electrode surface was able to alter O-related signal characteristics, such as their position or peak intensity. 
Although N-related signals might not be directly involved in Zn2+ storage, their presence could modify the 
electronic configuration of the electrode surface, thereby facilitating the absorption of ions more readily. 
The electrochemical evaluations revealed that the optimal samples (CB-3-850) exhibited an impressive 
specific capacity of 239.1 mAh g-1 at 0.5 A g-1, along with an exceptional energy density of 213.4 Wh kg-1 at 
0.446 kW kg-1. Moreover, after undergoing 10,000 cycles, around 90% of the initial capacity was retained, 
indicating remarkable electrochemical stability.

Generally speaking, 2D carbon materials serve as excellent electrode materials for ZHSCs due to their 
well-structured pore architecture, chemical stability, favorable conductivity, and extensive theoretical SSA. 
The research community has been particularly concentrated on the advancement of graphene to improve 
the utilization efficiency of SSA, for use as cathode materials in ZHSCs. Unfortunately, the restacking and 
agglomeration of graphene can lead to suboptimal charge storage performance. The distinctive 2D structure 
of PCNs provides remarkable in-plane conductivity, facilitating the swift transfer of electrons and the flux of 
ions. Current research on PCNs primarily focuses on preparing materials that possess an ideal SSA and an 
appropriate thickness, which are crucial for achieving enhanced capacitance. Besides, these studies aim to 
enhance the adsorption and ion diffusion by incorporating heteroatoms to augment the number of active 
sites and by ensuring the presence of plentiful defects within the material.
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Figure 12. (A) Schematic illustration of the Synthesis of CB and CB-X-Ys; (B) SEM images and (C) High-resolution TEM (HR-TEM) 
images of CB-3-850; Ex situ high-resolution XPS spectra of (D) Zn 2p (2D contour image); (E) C 1s; (F) O 1s; and (G) N 1s for CB-3-850 
cathode at different discharge-charge potentials. Reproduced with permission from Ref.[126]. Copyright 2024, Elsevier. SEM: Scanning 
electron microscopy; TEM: transmission electron microscopy; 2D: two-dimensional.

3D CARBONACEOUS MATERIALS
As an extensively employed electrode material of ZHSCs, 3D carbonaceous materials are adept at enhancing 
electron transfer and significantly reducing the diffusion path for Zn2+ ions to achieve rapid kinetics[127,128]. 
Their interconnected, continuous and tunable porosity structure increases available SSA to promote 
adequate contact between the electrolyte and electrode of ZHSCs, which endows the ZHSC with an 
impressive rate capability and power density.

3D Porous carbon
It is challenging that the low Zn2+ storage capacity of the 3D PC electrode stems from its energy storage 
mechanism, which is defined as EDLC[129]. The EDLC is significantly influenced by the SSA and the 
dimension of the EDL[130]. Obviously, the porosity structure regulation of 3D PC to increase the SSA is of 
great significance, where advanced synthesis strategies are being developed. Zeng et al.[131] recommended a 
molten salt-assisted strategy to produce a mesoporous PC (MPC) framework intended for use as a cathode. 
The MPC possesses high SSA of 499.31 m2 g-1 owing to the abundant mesopore within the structure, 
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resulting in an excellent capacitance (136.5 F g-1 at 0.68 A g-1) and high cycling stability (85.4% after 10,000 
cycles) for ZHSCs. Similarly, Zhang et al.[132] prepared porous ACs derived from pitch coke (PHC) and 
petroleum coke (PMC). Benefitting from the improved SSA and hierarchical porous structure, the resultant 
AC-PHC demonstrates a specific capacity of 146.8 mAh g-1 at 0.1 A g-1, attractive energy density of 
117 Wh kg-1 and power density of 15.8 kW kg-1.

However, the presence of inaccessible pores and inadequate compatibility between the pore morphologies 
and electrolyte ions leads to a limitation in the EDLC enhancement[133]. The electrode surface containing 
inaccessible pores is unavailable for ion adsorption and impedes ion transport, thereby reducing the 
effective surface area for charge storage. Additionally, inadequate compatibility between the pore 
morphologies and electrolyte ions increases the resistance to ion flow, leading to higher equivalent series 
resistance. Shi et al.[134] reported an effective approach to enhance the EDLC of PC electrodes. Such 
enhancement was achieved by regulating the pore morphologies and diminishing the thickness of EDL via 
the modulation of surface charges. As illustrated in Figure 13A-C, the researchers synthesized amino 
group-functionalized PC materials (APCs) by pyrolyzing coal tar pitch. They further indicated that the 
APCs, which incorporated amino groups into the PC, demonstrated an increased charge density due to the 
existence of lone pair electrons. Based on the charge-density difference map, the increased negative charge 
density of the functionalized PC [Figure 13D and E], which could be attributed to the presence of lone pair 
electrons within the amino functional groups, promoted the formation of more zincophilic interfaces. Thus, 
the EDL in the APC was condensed [Figure 13F], which could effectively reduce the pathway of Zn2+ to 
arrive at the surface of APC and facilitate the ionic capacity. Figure 13G exhibited the CV profiles of 
resultant Zn//APC ZHSCs; the rectangle-shaped curves could be well preserved even at high scan rate of 
100 mVs-1, suggesting that these devices possessed rapid kinetics during the storage of ions and outstanding 
electrochemical reversibility. The Zn//APC can deliver a high capacity of 255.2 mAh g-1 and cycling stability 
of 95.5% capacity retention after 50,000 cycles for ZHSCs [Figure 13H and I]. Meanwhile, this 
Zn//APC ZHSC possesses a maximum energy density of 130.9 Wh kg-1 at 154 W kg-1.

Besides porous structural and interfacial adjustment, heteroatom doping has also emerged as an 
indispensable method for boosting the advancement of the ZHSCs with cathodes constructed by PC. Zhang 
et al.[135] presented a modified strategy including isostatic-pressure assistance and subsequent thermal 
treatment to fabricate a hierarchical N-doped PC (HNPC). As for this strategy, the furfuryl alcohol and 
zeolite NaY were chosen as the carbon source and template, respectively. In contrast to the undoped PC, the 
introduction of N dopants and the multi-scale porous structure in the HNPC was credited to the linking of 
micropores within the PC under corrosion effect of high-temperature NH3. Consequently, the capacity of 
the HNPC-based ZHSC attained 177.8 mAh g-1 at 4.2 A g-1, and the capacitance retention could preserve 
99.7% after 20,000 cycles at a current density of 16.7 A g-1. Furthermore, a remarkable energy density of 
107.3 Wh kg-1 and an ideal power density of 24.9 kW kg-1 are achieved. The outstanding electronical 
properties of HNPC-based ZHSC are partially attributed to the hierarchical porosity and improved 
hydrophilicity of HNPC, which accelerates ion/electron transport and provides adequate space to 
accommodate charge.

Currently, the derivation of heteroatom-doped PC from biomass and relevant byproducts has drawn much 
attention from researchers because of their well-developed porous structures, naturally occurring functional 
groups, and doped heteroatoms derived from intrinsic chemical structure of biomass[136-138]. Thereby, the 
doped PC derived from biomass can provide plentiful reaction sites and sufficient surface wettability. Li 
et al.[139] recommended a high-performance ZHSC assembled with a cathode fabricated by oxygen-enriched 
PC, which was obtained through the pyrolysis of olive leaves [Figure 14A]. The hierarchical porous 
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Figure 13. (A) Schematic illustration of synthesis process of APC; (B) SEM and (C) TEM images of APC; Charge-density difference map 
of (D) PC and (E) APC; (F) Schematic representation of the EDL configuration of PC and APC; (G) CV curves of Zn//APC ZHSCs at 
various scan rates; (H) GCD profiles at 0.3 A g-1; (I) Cycling stability at 10 A g-1 of PC and APC. Reproduced with permission from 
Ref.[134]. Copyright 2022, Wiley. PC: Porous carbon; APC: amino group-functionalized PC material; SEM: scanning electron microscopy; 
TEM: transmission electron microscopy; CV: cyclic voltammetry; GCD: galvanostatic charge-discharge; ZHSCs: zinc-ion hybrid 
supercapacitors; EDL: electric double layer.

structure with high SSA and plentiful oxygenic groups endowed the carbon derived from the olive leaves 
(OLDC) with excellent chemical properties [Figure 14B and C]. The hierarchical OLDC-PC cathode, 
characterized by its numerous interfacial active sites and minimal ion/electron transfer distances, possessed 
a superior ion adsorption capacity and swift kinetics. As illustrated in Figure 14D, the contribution ratios of 
capacitance reached 83.1% at a scan rate of 10 mV s-1, and continuously increased with the increment of the 
scan rates. The energy storage process, primarily governed by capacitive-driven actions, was beneficial for 
achieving high-performance ZHSCs that exhibit excellent rate capability and power characteristics. 
Therefore, an excellent energy density of 136.3 W h kg-1 and impressive capacity retention of 91% after 
20,000 cycles at 10 A g-1 were achieved [Figure 14E]. Similarly, Chen et al.[140] developed a universal strategy 
for preparing chitosan-derived hierarchical PC with ant-nest-like structures defined as AH-PCs. The 
ammonium persulfate was utilized as an oxidant to improve the active sites of AH-PCs. Meanwhile, acetic 
acid facilitated the conversion of functional groups in chitosan, making them compatible for cross-linking, 
thereby enhancing the cross-linking degree for the efficient preparation of AH-PCs. The contribution ratio 
of capacitive of AH-PCs at 5 mV s-1 was 57%, much lower than that of OLDC-PC mentioned above. 
Utilizing a 6 M KOH electrolyte, the assembled ZHSC achieved an energy density of 11.44 W h kg-1 at 
125 W kg-1 and a capacity retention rate of 94.9% after 400 000 cycles at 10 A g-1. Researchers also attempted 
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Figure 14. (A) Diagrammatic representation outlines the process of crafting hierarchical porous carbon derived from OLDC; (B) The 
SEM and (C) TEM images of OLDC; (D) The capacitive contribution under 10 mV s-1; (E) Cycling durability at 10 A g-1. Reproduced with 
permission from Ref.[139]. Copyright 2023, Wiley. SEM: Scanning electron microscopy; TEM: transmission electron microscopy; OLDC: 
carbon derived from the olive leaves.

to assemble ZHSC with 1 M Na2SO4 solution as the electrolyte, achieving a specific capacitance of 
37.69 W h kg-1 and a power density of 0.225 kW kg-1. Notably, the capacity retention rate of assembled 
ZHSC remained 100% even after 20,000 cycles.

3D graphene-based materials
Based on specific methods, 2D graphene nanosheets can interlink together as building units to perform 
bottom-up assembly, ultimately constituting macro 3D graphene-based materials[141-143]. The bulky structure 
of 3D graphene-based materials prevents the tendency to agglomerate and restack 2D graphene, preserving 
an appropriate SSA and enhancing the exposure of active sites. Meanwhile, the elaborate porous structure 
with large amounts of ion diffusion channels is efficient in shortening the length of mass transfer[144]. If the 
pore dimension of 3D graphene-based materials can precisely adapt the size of the Zn or hydrate ions, the 
maximum capacitance of ZHSCs can be achieved[145]. Most of the current research has been directed 
towards the development of cathodes consisting of 3D graphene-based materials with adequate SSA and 
hierarchical porous structures, aiming to enhance the specific capacitance. However, these porous materials 
always show low density arising from the excessive void, which weakens the volumetric capacitance. 
Therefore, the investigation of carbon materials possessing high SSA and suitable density is significant for 
achieving elevated volumetric energy density of ZHSCs.

Xu et al.[146] reported a 3D porous graphene (3D-PG-1) cathode incorporating impressive compactness and 
interconnected porosity. This nanomaterial was obtained through the capillary evaporation of graphene 
hydrogel. As shown in Figure 15A and B, the 3D-PG-1 material contracted into a rod-shaped form due to 
the influence of capillary evaporation, resulting in a considerably reduced volume, while the 3D-PG-2 
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Figure 15. Field photographs of (A) 3D-PG-1 and (B) 3D-PG-2; (C) The distribution of pore sizes in 3D-PG-1 and 3D-PG-2; (D) SEM 
images of 3D-PG-1 and (E) 3D-PG-2; HRTEM images of (F) 3D-PG-1 and (G) 3D-PG-2. Reproduced with permission from Ref.[146]. 
Copyright 2022, Elsevier. (H) Schematic diagram of the preparation process of 3DG/CoSe2NWs; (I) SEM and (J) TEM images of 
CoSe2NWs; (K) CV curves of CoSe2NWs at different scan rates; (L) GCD curves of 3DG/CoSe2NWs at different current densities; 
(M) Cycling performance of the 3DG/CoSe2NWs//AC device at 5 A g-1 for 10,000 cycles; Reproduced with permission from Ref.[147]. 
Copyright 2023, American Chemical Society. 3D: Three-dimensional; PG: porous graphene; SEM: scanning electron microscopy; TEM: 
transmission electron microscopy; CV: cyclic voltammetry; GCD: galvanostatic charge-discharge; AC: activated carbon.

fabricated by freeze-drying without visible shrinkage of the volume. Obviously, the tap density (1.36 g cm-3) 
and apparent density (1.38 g cm-3) of 3D-PG-1 are significantly higher than those of 3D-PG-2. The 3D-PG-1 
provided plentiful micropores with a size ranging from 0.6 nm to 1 nm [Figure 15C], intriguingly 
approximating the radius size of the hydrated Zn2+ ion (0.43 nm) to ensure a high capacitance of ZHSC. 
Thus, the electrostatic adsorption of the Zn2+ on the cathode material was mitigated to enable long cycling 
stability. The scanning electron microscopy (SEM) images showed that the nanosheets within 3D-PG-1 
were compacted to obtain a tight structure with abundant interconnected pores, whereas 3D-PG-2 
exhibited a looser microstructure [Figure 15D and E]. The transmission electron microscopy (TEM) image 
further confirmed the discrepancies in density and pore morphologies between 3D-PG-1 and 3D-PG-2 
[Figure 15F and G]. The plentiful oxygenic groups of 3D-PG-1 improved not only the wetting ability of the 
electrolyte but also the pseudocapacitance. Therefore, the assembled ZHSC possessed outstanding specific 
volumetric capacitance, reaching 299 F cm-3 at 0.1 A g-1, excellent long-term stability with an 85% 
capacitance retention after 30000 cycles, and a significantly volumetric energy density of 118 Wh L-3 at 
116 W L-3.
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Unlike the methods of dehydrating the graphene hydrogel, 3D graphene aerogel with interconnecting 
network structure can also be fabricated by assembling and overlapping 1D or 2D graphene nanomaterials. 
Due to the hierarchical porosity, characteristic morphologies, and large contact area of 3D graphene aerogel, 
the device constructed by this aerogel can achieve high chemical performance and applicability. Zou 
et al.[147] proposed a simple selenization approach and delineated a flexible electrode with 3D porous 
nanostructures [Figure 15H]. The 1D nanowires were synthesized by coordinated Co ions and 
nitrilotriacetic acid in isopropanol; then, these nanowires were enwrapped in graphene with functional 
groups chemically reduced by sodium ascorbate. The obtained GO/Co-NTC were transformed into a 
3DG/Co-NTC through self-assembly, subsequently selenized to obtain a 3DG/CoSe2NWs. In the 
3DG/CoSe2NWs composite, the 3D network of interconnected pores featuring large apertures significantly 
enhanced the structural integrity and stability of cathode [Figure 15I and J]. Notably, the CV plots for the 
3DG/CoSe2NWs electrode displayed an upward movement of the oxidation peak and a downward shift of 
the reduction peak, signifying rapid redox dynamics and excellent reversibility of the 3DG/CoSe2NWs 
material [Figure 15K]. As demonstrated in Figure 15L, there existed a direct relationship between the 
discharge time and the specific capacity of the material. Consequently, the flexible electrode 
3DG/CoSe2NWs displayed a high reversible capacity of 1,272 F g-1 at 1 A g-1. Notably, the capacity at 
10 A g-1 can be maintained at 1,156 F g-1, emphasizing a remarkable rate capability of 90.1% [Figure 15M]. 
The capacitor assembled by 3DG/CoSe2NWs//AC could maintain a steady voltage after bending, indicating 
great promise for practical use.

To sum up, to achieve enhanced zinc ion storage capacity in contrast to 0D, 1D and 2D carbon structures, 
the primary focus in developing 3D carbonaceous materials resides not merely in establishing internally 
interconnected architectures but also in regulating well-developed porous morphologies. It is expected that 
the rate capability of 3D PC can be further optimized by investigating the reasonable strategy for 
constructing ideal 3D structures. Among the 3D carbonaceous materials, both the graphene hydrogel and 
the graphene aerogel exhibit substantial structure and intricate internal porosity, which provides plentiful 
electrochemical active sites and accelerates mass transfer.

SUMMARY AND PERSPECTIVE
This review examines previously reported studies focused on enhancing the electrochemical performance of 
carbonaceous cathodes in ZHSCs. Although ZHSCs have advanced rapidly, significant scientific and 
technical challenges persist, particularly the scarcity of high-performance cathode materials, which impedes 
their ability to meet practical requirements. Carbonaceous materials, which are the predominant choice for 
cathodes in ZHSCs, must satisfy several criteria: high conductivity, a large SSA, exceptional chemical 
stability, and an appropriate pore structure. Carbonaceous materials for cathodes within ZHSCs can be 
categorized by their distinctive dimensions and corresponding structures, which will be briefly introduced 
with their benefits and drawbacks in Table 2. Moreover, the electrochemical properties of new 
carbonaceous materials employed in ZHSC construction are listed in Table 3. Enhancing the capacitance of 
carbonaceous materials can be achieved through the strategies of porous nanostructure engineering and 
pseudocapacitance engineering. Porous nanostructure engineering boosts capacitance by crafting a porous 
structure with high SSA and optimizes porosity. Additionally, pseudocapacitance engineering enhances 
capacity primarily through surface alterations and the incorporation of heteroatoms. These heteroatoms act 
as dopants, introducing a multitude of active sites within the carbon matrix, which in turn enhances the 
chemical adsorption on the electrode surface. The presence of Zn2+ ions can engage in chemical adsorption 
interactions with these active sites, subsequently enhancing the adsorptive capacity and the energy storage 
efficiency of ZHSCs. However, an elevated content of heteroatoms may result in certain sites becoming 
overly reactive, which can cause electrochemical instability or aggressive reactions, ultimately affecting the 
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Table 2. Carbonaceous structures for cathodes of ZHSCs with their benefits and drawbacks

0D 1D 2D 3D

Benefits ◆ Controllable particle size 
distribution 
◆ Accelerated mass transfer 
rate

◆ High electrical and ionic 
conductivity 
◆ Direct electron 
transmission paths

◆ Enriched surface atoms or 
electroactive sites 
◆ Unique layered structure

◆ Continuous and tunable 
porous structure 
◆ Significantly shortened ion 
diffusion length

Drawbacks ◆ Unavoidable segregation 
effect of particles 
◆ Lack of active sites

◆ Limited SSA 
◆ Lack of active sites

◆ Incidental agglomeration and 
restack 
◆ Easily damaged lamellar 
structure

◆ Improper pore distribution 
◆ Sluggish ion diffusion within 
the tunnel

ZHSCs: Zinc-ion hybrid supercapacitors; SSA: specific surface areas.

Table 3. Comparison of electrochemical performance of recent carbonaceous electrode materials for ZHSCs

Dimension Cathode Anode Voltage (V) Cycling stability
Energy 
density 
(Wh kg-1)

Power 
density 
(kW kg-1)

Refs.

0D HMCSs HMCSs 0-1.6 99.4% (2,500 cycles) 75.4 0.16 [75]

PDA-HCSs Zn foil -1.0-0 90.1% (10,000 cycles) 43.1 0.7946 [76]

PN-CHoNS Zn foil 0.2-1.8 80.6% (12,000 cycles) 116.0 21.66 [77]

CS30 Zn foil 0.2-1.8 96.9% (20,000 cycles) 118.3 21.3 [78]

CDs/NZP Zn foil 0-1.6 90.6% (6,000 cycles) 33.7 0.8249 [79]

LVCR Zn foil 0.2-1.8 96.9% (20,000 cycles) 126.6 31.4 [80]

1D NP-MWCNT@GONR NP-MWCNT@GONR//Zn 0-2.0 67.5% (2,000 cycles) 68.38 19 [88]

CNT@PC Zn foil 0.2-1.8 99.2% (3,0000 cycles) 74.4 40 [90]

N-OPCNF Zn foil 0.2-1.8 80.38% (8,000 cycles) 98.28 0.072 [104]

MCHCNF Zn foil 0.2-1.8 93% (15,000 cycles) 133.1 34.4 [107]

2D aMEGO Zn foil 0.2-1.8 93% (80,000 cycles) 106.3 31.4 [109]

RG-R Zn foil 0.2-1.6 94.5% (10,000 cycles) 100.9 0.007 [110]

graphene@CC Zn@CC 0.2-1.8 73.7 (50,000 cycles) 158.1 0.2369 [111]

MIL-88B(V)@rGO Zn foil 0.2-1.6 80.3% (400 cycles) 230 2.3 [114]

PPy/GO-AM rGO/PAM@Zn 0-1.8 90.3% (5,000 cycles) … … [115]

HACS Zn foil 0.2-1.8 68% (27,000 cycles) 149.6 0.0338 [122]

FHPCNSs Zn foil 0.35-2.0 94.5% (10,000 cycles) 181.6 0.165 [123]

CB-3-850 Zn foil 0-1.8 90% (10,000 cycles) 213.4 0.4463 [126]

3D AC-PHC Zn foil 0-1.9 58% (10,000 cycles) 117 15.8 [132]

APC Zn foil 0-2.0 95.5% (50,000 cycles) 130.9 154 [134]

HNPC Zn foil 0-2.0 99.7% (20,000 cycles) 107.3 24.9 [135]

OLDC Zn foil -3.0-1.0 91% (20,000 cycles) 37.69 0.225 [139]

3D-PG-1 Zn foil 0.2-1.8 85% (30,000 cycles) 118 0.156 [146]

3DG/CoSe2NWs Zn foil 0-1.5 96.19% (10,000 cycles) 10.2 0.75 [147]

ZHSCs: Zinc-ion hybrid supercapacitors; PDA: polydopamine; HCSs: hollow carbon spheres; PN-CHoNS: P/N dual-doped hollow carbon spheres; 
CNTs: carbon nanotubes; PC: porous carbon; N-OPCNF: Nanosheets onto a arbon nanofiber framework; rGO: reduced graphene oxide; RG-R: rGO 
foam; PPy: polypyrrole; AM: acrylamide; HACS: holey activated carbon sheets; AC-PHC: activated carbon-pitch coke; PC: porous carbon; APC: 
amino group-functionalized PC material; HNPC: hierarchical N-doped PC; HMCSs: hollow mesoporous carbon spheres; CDs/NZP: carbon 
nanodots with Ni-Zn phosphates; LVCR: hierarchical micro-, meso-and macropores; NP-MWCNT@GONR: nanoporous multi-wall carbon 
nanotube@graphene oxide nanoribbons; MCHCNF: multi-channel hollow carbon nanofiber; aMEGO: porous carbon derived from chemical 
activated graphene; FHPCNSs: hierarchical porous carbon nanosheets  functionalized with oxygen groups and nitrogen dopants.

cycling life and electrochemical stability of ZHSCs. Furthermore, it is crucial to explore the correlation 
between the purity of carbonaceous materials and the electrochemical performance in ZHSCs. This 
document outlines the challenges associated with carbonaceous cathodes in ZHSCs and provides insights 
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Figure 16. Challenges and solutions for the advancement in ZHSCs proposed for future research. ZHSCs: Zinc-ion hybrid 
supercapacitors.

into future development for ZHSCs, which are summarized in Figure 16, along with the following details:

The examination of the electrochemical mechanism lacks sufficient depth. Beyond basic ion adsorption/
desorption processes within the EDL, the electrochemical characteristics of carbonaceous cathodes require 
further validation through various advanced characterization techniques, electrochemical analyses, and 
theoretical assessments. In-situ spectroscopy can be employed to investigate the chemical states of other 
elements (C, O, or H), thereby enabling an indirect analysis of Zn2+. Additionally, it is highly advisable to 
employ methods such as X-ray absorption near-edge spectroscopy, DFT computations, and isotopic 
analysis. Furthermore, the generality of chemical adsorption onto the electrode surface, coupled with the 
impact of side reactions on overall performance, continues to be a matter of debate that requires further 
investigation. This research will enhance the understanding of the energy storage mechanisms in ZHSCs, 
ultimately aimed at intentionally improving their capacitance and energy density.

The advancement of high-performance carbon-based materials and the investigation of effective methods 
for large-scale production are critical research domains. Future studies should concentrate on designing 
innovative high-performance cathode materials, building on current theoretical models. To date, 
researchers have made substantial efforts employing techniques such as morphological modifications, the 
creation of hierarchical porous structures, doping with heteroatoms, and the incorporation of functional 
oxygen groups. However, maintaining precise control over the doping of heteroatoms remains a significant 
challenge for future research. Additionally, the modifications involving the introduction of heteroatoms or 
oxygen functional groups can significantly impact energy density, conductivity, and crystallinity. In 
contrast, various nitrogen species in carbon materials fulfill distinct roles, with optimal performance 
achieved through a careful balance of their concentrations. Therefore, pursuing a balanced approach to the 
diverse physical and chemical properties of carbon electrodes through systematic exploration of 
modification strategies is an essential area of research.

Transitioning from laboratory-scale production to industrial-scale manufacturing presents significant 
challenges, especially in maintaining consistency in product quality, improving production efficiency, and 
ensuring safety during large-scale processes. For instance, the advancement of flexible ZHSCs holds 
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immense scientific importance for powering wearable electronic devices. Thus, it is essential to create 
flexible electrodes that facilitate strong interactions between the active materials and the substrate, 
preventing debonding when subjected to external mechanical forces. Moreover, other devices such as 
microdevices, coin-sized devices, and temperature-resistant systems are also anticipated to be key research 
areas in the future to meet the growing energy demands and diverse application sectors.
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